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ABSTRACT 
Single-walled carbon nanotubes (SWNTs) are novel carbon nanostructures with unique 
properties that have made them highly attractive materials for research in nanotechnology. 
Due to their exceptional electrical, mechanical, optical and structural properties, SWNTs have 
potential applications in the fields of nanoelectronics, optoelectronics, sensory devices and 
other areas of nanoscience. However, several challenges need to be addressed before SWNTs 
can be considered as potential candidates for future nanoelectronic devices.  In order to use 
SWNTs to fabricate high performance nanoelectronic devices on a large scale, it is highly 
desirable to have precisely placed, high density, aligned arrays of SWNTs having uniform 
electronic properties. This thesis demonstrates a post-synthesis, mechanical alignment 
technique to obtain precisely placed, high density, aligned arrays of SWNTs. By using an 
aqueous solution containing surfactant-encapsulated SWNTs dispersed in it, a meniscus is 
formed either between a capillary tube and a substrate or between two angled substrates of 
differing hydrophobicity. As the meniscus is mechanically dragged across the substrate, the 
SWNTs get pinned to the surface and are aligned by the mechanical torque along the direction 
of the meniscus drag. The alignment has been characterized on various hydrophilic and 
hydrophobic substrates and the optimum conditions required for SWNT alignment have been 
studied. Techniques to eliminate the surfactants from the deposited SWNT networks have also 
been discussed. Finally, a complementary metal-oxide-semiconductor (CMOS) compatible 
fabrication process has been used to demonstrate thin-film SWNT field-effect transistors 
fabricated by using the aligned SWNT arrays as the active channel of the transistor. 
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CHAPTER 1: PROPERTIES OF SINGLE-WALLED CARBON 
NANOTUBES (SWNTs) 
 
1.1  Motivation for Post-Synthesis Alignment of SWNTs 
 
 The unique geometry and exceptional electrical, mechanical, optical, thermal and 
structural properties of single-walled carbon nanotubes (SWNTs) have made them highly 
attractive materials for research as fundamental building blocks in the field of nanotechnology. 
A SWNT can be visualized as a graphene sheet rolled up to form a seamless, hollow cylinder, 
having one atomic layer thick walls.  The properties of SWNTs depend on their size and atomic 
structure. They can be either semiconducting or metallic depending on their diameter and 
chirality which is discussed in further detail in section 1.2. Due to their high mobilities (        
cm2/Vs at room temperature) [1] and quasi-ballistic transport [2, 3], SWNTs can be used as 
active channels in electronic devices such as transistors. Due to their high current-carrying 
capacities (   9 A/cm2) [4], low resistivities [5–7] and high thermal conductivities (up to 3500 
W/mK) [8], SWNTs are promising candidates for use as thin-film transparent conductors as well 
as electrical interconnects. Due to their large weight-normalized surface area (       m2/g) [9] 
and high sensitivities to adsorbed species, SWNTs are highly suited for various chemical and 
biological sensor applications. Considerable research has been dedicated to study the 
fundamental properties of these novel carbon nanostructures and this has led to the 
applications of SWNTs in a wide variety of nanotechnology fields such as nanoelectronics, 
optoelectronics, energy storage devices, sensory devices and other areas of nanoscience [10–
15]. 
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 Despite the remarkable properties of SWNTs, there are several challenges that need to 
be overcome before SWNTs can be used for mainstream, high-volume applications. SWNTs can 
be synthesized when a carbonaceous feedstock is exposed to a metal catalyst at high 
temperatures. The common SWNT synthesis techniques are: (1) chemical vapor deposition 
(CVD) [16]; (2) arc discharge [17]; and (3) laser ablation [18]. These growth techniques provide 
limited control over the diameter and chirality of SWNTs grown resulting in a mixture of one-
third metallic SWNTs (m-SWNTs) and two-third semiconducting SWNTs (s-SWNTs) obtained. 
The non-uniformity in the properties of as-grown SWNTs can be disadvantageous for many 
applications such as field-effect transistors where metallic SWNTs are undesired in the active 
channel as they can affect electronic switching. Attempts are being made to grow SWNTs of a 
specific chirality and electronic type, but to date these attempts have only resulted in a narrow 
diameter and chirality distribution [19,20]. None of the current SWNT synthesis techniques can 
provide a homogeneous population of SWNTs that have uniform electrical, optical and 
structural properties. Since a technique for synthesis of identical SWNTs has not yet been 
demonstrated, post-synthesis sorting techniques to obtain SWNTs of a specific chirality and 
solution-based alignment techniques to deposit predetermined geometries of SWNT networks 
on compatible substrates are being actively researched [21]. 
 In order for SWNTs to be used in large-scale commercial applications like electronic and 
optoelectronic devices and sensors, it is essential to have SWNTs of uniform electronic type, 
diameter, length and chirality so as to ensure optimal performance of these devices. Chemical 
functionalization of SWNTs as well as use of various dispersing agents like monomers, 
polymers, surfactants, biopolymers and biomolecules, etc., in order to obtain well-dispersed, 
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homogeneous solutions of SWNTs has been demonstrated [21]. Sorting of nanotubes to obtain 
monodisperse SWNT solutions [22] has been achieved using methods like electrophoresis [23] 
ultracentrifugation [24] and chromatography techniques [25]. These methods can be used to 
obtain monodisperse SWNT suspensions that are sorted based on their diameter, chirality, 
length and electronic type. 
Once monodisperse SWNT solutions have been obtained, techniques for alignment of 
these uniform SWNTs are desired. Due to their one-dimensionality, SWNTs can have extremely 
anisotropic electrical, optical and mechanical properties. Aligned SWNT arrays with precise 
control over their position and orientation are highly beneficial as alignment can enhance 
various properties of SWNTs along the alignment direction. For example thin-film transistors 
(TFTs) based on random SWNT networks have a best mobility of     cm2/Vs [26] whereas TFTs 
based on aligned SWNT arrays can have mobilities as high as        cm2/Vs [27]. Several post 
synthesis alignment techniques such as shear introduced alignment, flow directed alignment, 
electric field directed alignment, magnetic field directed alignment, blown bubble film 
alignment and Languir-Blodgett assembly techniques have been reviewed by Chen et al. [28]. 
Although most of these post synthesis alignment techniques are relatively simple, certain 
challenges still need to be addressed. At present it is still difficult to obtain perfectly aligned 
SWNT arrays with controlled densities. Moreover, techniques that are wafer-scalable, 
reproducible and provide precise placement of aligned arrays of homogenous SWNTs on 
compatible substrates are highly desired. 
In order to address the concerns over the chirality, density, placement and alignment of 
SWNTs, this thesis demonstrates a solution deposition technique to obtain precisely placed 
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aligned arrays of uniform SWNTs. Chirally pure, surfactant-encapsulated SWNTs are dispersed 
in an aqueous solution and a meniscus bridge containing this homogenous solution can be 
formed between two surfaces of differing hydrophobocity or between a substrate and a glass 
capillary tube. The meniscus was mechanically dragged across the substrate. The shear force 
induced on the meniscus causes the SWNTs in the solution to move towards the receding solid-
liquid-vapor phase line (three-phase line) where parts of the SWNT get pinned to the surface 
due to the combined effect of van der Waals forces and surface roughness. The mechanical 
torque then aligns the SWNTs on the substrate along the direction of the meniscus drag. These 
meniscus alignment techniques were studied on both hydrophilic and hydrophobic substrates. 
The placement of the SWNTs on the substrate is controlled by passing the meniscus only over 
the desired areas where SWNT deposition is required. The alignment and density of deposited 
SWNTs has been characterized with respect to the meniscus drag velocity. The density can be 
scaled by increasing the number of meniscus passes. Once aligned arrays of SWNTs have been 
deposited on the substrate, techniques for effective removal of the surfactant from the SWNT 
network have also been discussed. Finally, a wafer-scalable, CMOS compatible fabrication 
process to obtain thin-film SWNT field-effect transistors has been demonstrated. 
1.2 Electronic and Structural Properties of SWNTs 
 
 A single-walled carbon nanotube (SWNT) can be visualized as a two-dimensional (2D) 
sheet of monolayer graphene (single layer of graphite) that is rolled up into a hollow cylinder, 
one atom thick, having a nanometer scale diameter and length ranging from tens of 
nanometers to a few centimeters. The size and atomic structure of a SWNT influence its 
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properties. In order to better understand the structural and electronic properties of SWNTs, we 
need to analyze the structure and properties of their parent material, which is graphene. 
Graphene consists of a monoatomic, planar layer of sp2-bonded carbon atoms and has a 
two-dimensional (2D) honeycomb crystal lattice structure. It can be wrapped into zero-
dimensional (0D) fullerenes, rolled into one-dimensional (1D) carbon nanotubes, or stacked into 
three-dimensional (3D) graphite layers. Graphene has a hexagonal unit cell containing two 
carbon atoms. The carbon atoms in the graphene lattice can be further divided into two 
sublattices called sublattice A and sublattice B as shown in Figure 1.1. The unit cell of graphene 
in real space contains a1 and a2 as the primitive lattice unit vectors. In the x , y coordinate 
system the vectors a1 and a2 of the graphene lattice are expressed as     (√   ⁄    ⁄ ) and  
    (√   ⁄     ⁄ ) where    |  |   |  |        √          is the lattice constant 
of graphene. 
All the carbon atoms in graphene are sp2 hybridized. The hybridization between the 2s, 
2px and 2py orbitals of the carbon atoms results in the formation of   bonds which are 
responsible for the strong in-plane covalent bonding within the graphene sheet. Each carbon 
atom also contributes one 2pz orbital which is perpendicular to the planar.  This 2pz orbital can 
bond with neighboring carbon atoms resulting in the formation of   bonds which are 
responsible for the weak van der Waals interactions between stacked graphene sheets. These   
bonds also facilitate the movement of electrons from one sublattice to the other. 
When a monolayer sheet of graphene is rolled up into a seamless cylinder along a chiral 
vector (also called circumferential vector)                   , we obtain a SWNT. The 
chiral vector C becomes the circumference of the nanotube. The terminating points of the 
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chiral vector C in real space are called the (n,m) chiral indices of the SWNT. Using the (n,m) 
chiral indices the diameter of a SWNT can be determined as 
         
√           
 
 
(1.1) 
 
where dCNT is the diameter of the carbon nanotube and      is the nearest-neighbor carbon-
carbon (C-C) bonding length in the graphene lattice (approximately 1.42 Å ). 
 The chiral vector C makes an angle   with the zigzag direction or a1 primitive lattice unit 
vector direction. This angle is called the chiral angle. The chiral angle   of the circumferential 
vector C determines the chirality of the SWNT. For a zigzag nanotube the chiral angle      ,  
while for an armchair nanotube chiral angle       . In terms of the (n,m) chiral indices the 
chiral angle   is given by 
       [√        ⁄ ] (1.2) 
 
 Although graphene is a zero-bandgap semiconductor [29] SWNTs can be metallic or 
semiconducting with different size energy bandgaps depending on their (n,m) chiral indices.  
Based on their (n,m) chiral indices the electronic properties of SWNT can be classified by using 
the following relations: 
The SWNT is metallic if |   |     , where            
The SWNT is semiconducting if |   |     , where                      
(1.3) 
 
The above relations indicate that for all values of the (n,m) chiral indices,  one-third of the 
SWNTs will be metallic and two-third will be semiconducting. For a semiconducting SWNT, the 
energy bandgap is inversely proportional to its diameter according to Equation (1.4). 
7 
 
    
  
 
     
 
   
   
 
 
(1.4) 
 
where    is the energy bandgap of the semiconducting SWNT (in eV), d is the diameter of the 
SWNT (in nm) ,  
  
is the carbon-carbon (C-C) tight bonding overlap energy (2.7   0.1 eV), and 
     is the nearest-neighbor carbon-carbon bonding length in graphene lattice (approximately 
1.42 Å). 
 Structurally, based on the (n,m) chiral indices SWNTs can be categorized into 3 types: 
1. Armchair nanotubes: (n,n) 
These nanotubes are metallic in nature and are obtained when the graphene lattice is 
rolled up along the armchair edge of graphene as shown in Figure 1.2, thus giving rise to 
armchair symmetry along the circumference of the SWNT cylinder. Armchair nanotubes have a 
chiral angle        and have (n,m) chiral indices of the form (n,n), that is n  m. 
2. Zigzag nanotubes: (n,0) 
 These nanotubes can be either metallic or semiconducting depending on the relations 
given in Equation (1.3). They are obtained when a graphene lattice is rolled up along a zigzag 
edge of graphene as shown in Figure 1.2, thus giving rise to a zigzag symmetry along the 
circumference of the SWNT cylinder. Zigzag nanotubes have a chiral angle       and have 
(n,m) chiral indices of the form (n,0), that is   . 
3. Chiral/twisted nanotubes:  
Any other combination of the (n,m) chiral indices will result in a chiral/twisted 
nanotubes that can be either metallic or semiconducting depending on the relations given in 
Equation (1.3). For chiral nanotubes the chiral angle   is given by the relation         . 
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1.3 Figures 
 
 
 
 
 
Figure 1.1: The honeycomb crystal lattice structure of graphene containing sp2-bonded carbon 
atoms at the corners of the hexagons. The red dotted hexagon represents the unit cell of 
graphene containing two carbon atoms. The graphene lattice can be further divided into 
sublattice A and sublattice B. The primitive lattice vectors are    and   . The lattice constant of 
graphene is         . The nearest-neighbor carbon-carbon (C-C) bonding length in graphene 
is              
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Figure 1.2: The honeycomb crystal lattice structure of graphene containing sublattice A and 
sublattice B. A SWNT can be visualized as a graphene sheet rolled-up along the chiral vector C. 
The length of the chiral vector C becomes the circumference of the SWNT and the chiral 
angle   determines the chirality of the SWNT. For a zigzag nanotubes the chiral angle   
    and for an armchair nanotubes the chiral angle       . 
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CHAPTER 2: ALIGNMENT OF SINGLE-WALLED CARBON 
NANOTUBES (SWNTs) BY MECHANICAL MENISCUS ACTION 
 
2.1 Mechanism of Mechanical Meniscus Alignment of SWNTs 
 
 Consider a liquid droplet on a flat, solid surface. Depending on the contact angle    that 
a liquid droplet makes with a surface, the surface can be classified as either hydrophilic or 
hydrophobic. For a hydrophilic surface and aqueous liquid, the contact angle        as 
shown in Figure 2.1, with a contact angle        signifying perfect wetting of the surface. For 
hydrophobic surfaces, the contact angle        as shown in Figure 2.2, with a maximum 
contact angle         signifying a superhydrophobic surface. 
 The formation of a liquid droplet on a flat, solid surface occurs due to an energy 
minimization process described by Young’s equation [30] for a droplet in equilibrium as 
               (2.1) 
 
where  SV is the surface tension at the solid-vapor interface called the surface energy,  SL is the 
surface tension at the solid-liquid interface,   is the surface tension at the liquid-vapor interface 
called the fluid surface tension, and    is the equilibrium contact angle. Young’s equation 
assumes a static liquid droplet on a perfectly flat surface, but in reality factors like surface 
roughness, temperature, humidity, impurities, static electricity, etc., can cause a deviation from 
the equilibrium contact angle. Even on a perfectly flat solid surface, a liquid droplet assumes a 
wide range of contact angles ranging from the maximum contact angle called the advancing 
contact angle    to the minimum contact angle called the receding contact angle   . The 
difference between the advancing and receding contact angles is called angle hysteresis. 
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 For an aqueous liquid within a capillary tube, depending on the nature of the capillary 
tube surface, that is either hydrophilic or hydrophobic behavior, the meniscus formation is 
shown in Figure 2.3. An aqueous solution containing well-dispersed, surfactant coated SWNTs is 
taken in a glass capillary tube (hydrophilic surface). The capillary tube is gently lowered onto a 
substrate, which can be either hydrophilic or hydrophobic, such that the capillary tube is in 
contact with the surface. Care should be taken when lowering the capillary tube onto the 
substrate so that it does not scratch the substrate. As the capillary tube is slowly raised from 
the substrate, a meniscus bridge is formed between the capillary tube and the substrate as 
shown in Figure 2.4. The capillary tube can be raised up to a certain maximum height called the 
snapback point [31] beyond which the meniscus will split up into two individual droplets. 
 The meniscus can be mechanically dragged across the flat substrate while making sure 
the capillary tube height from the substrate is kept constant. Due to this mechanical motion a 
parallel force is applied to the meniscus and the meniscus undergoes shear which splits the 
equilibrium contact angle     into two contact angles    and     , where    is called the 
advancing contact angle and    is called the receding contact angle as shown in Figure 2.5. 
Under shear conditions, we have       and        and the meniscus has a velocity   . 
 As the meniscus is mechanically dragged across the substrate and has a meniscus 
velocity   , under these dynamic conditions the meniscus profile becomes a wedge-shaped 
caterpillar vehicle [32] at the receding contact angle line (RCAL). The evaporation of the 
meniscus droplet at the solid-liquid-vapor receding contact angle line can be explained by the 
pinned contact mode proposed by Picknett and Bexon [33]. For the meniscus following the 
pinned contact mode, the solid-liquid-vapor interface is pinned and the liquid evaporating from 
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the interface is replenished by the liquid from the interior of the meniscus. This leads to the 
internal flow of the liquid and suspended particles towards the solid-liquid-vapor interface. 
Thus the SWNTs suspended in the meniscus move towards the RCAL by convective transport as 
shown in Figure 2.6. As the receding contact angle line advances due to the mechanical motion 
of the meniscus, parts of the SWNT get exposed to the ambient at the solid-liquid-vapor 
interface. Due to surface roughness and van der Waals forces, portions of the SWNT get pinned 
to the surface. This pinning of the SWNT provides a ‘pivot point’ to align the SWNT by 
mechanical torque   as the meniscus is dragged across the surface. As a result the SWNTs are 
aligned along the direction of the meniscus drag and get deposited on the substrate. 
Assuming the SWNT to be a cylinder, the drag force acting on it can be approximated as 
                    
    (2.2) 
 
where    is the viscosity,    is the meniscus velocity,   is the length of SWNT and   is the 
second-order correction term given by 
                         (2.3) 
 
where             ⁄  is called the Reynolds number,       is the radius of SWNT, and   is 
the kinematic viscosity [34]. 
Assuming the SWNT to be a rigid rod, its rotational inertia is given by 
          ⁄  (2.4) 
 
where   is the length of the SWNT and      is the mass of SWNT. 
Using the drag force, torque and rotational inertia the final angle of alignment     can 
be determined using the following equation: 
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(2.5) 
 
where    is the final angle of alignment of the SWNT taken with respect to the vertical direction 
as shown in Figure 2.7,    is the initial angle of alignment of the SWNT as shown in Figure 2.7, 
   is the meniscus velocity,       is the drag force acting on the SWNT calculated by Equation 
(2.2),   is the length of the SWNT,      is the mass of SWNT, and    is the time it takes the 
meniscus contact line (solid-liquid-vapor receding contact angle line) to advance from        ‘ 
as shown in Figure 2.7 [34]. The differing sign     on the third term is due to the 
counterclockwise torque       and clockwise torque      . Once the SWNT is aligned and 
adhered to the surface of the substrate by van der Waals forces, no further alignment of the 
SWNT is possible. 
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2.2 Figures 
 
 
Figure 2.1: Formation of an aqueous liquid droplet on a hydrophilic surface. The contact 
angle       . A contact angle        signifies perfect wetting of the surface. 
 
 
 
Figure 2.2: Formation of an aqueous liquid droplet on a hydrophobic surface. The contact 
angle       . A contact angle          signifies a superhydrophobic surface. 
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Figure 2.3: (a) Formation of a meniscus in a capillary tube having a hydrophilic surface. The 
contact angle        and the meniscus has a concave shape. (b) Formation of a meniscus in a 
capillary tube having a hydrophobic surface. The contact angle        and the meniscus has 
a convex shape. 
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Figure 2.4: A capillary tube containing an aqueous solution is gently lowered on to a flat 
substrate. As the capillary tube is slowly raised a meniscus bridge is formed between the 
substrate and the capillary tube. The capillary force can cause the meniscus profile to switch 
from the hydrophilic to hydrophobic regime. Figure adapted from [34]. 
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Figure 2.5: As the meniscus is mechanically dragged across the substrate, due to the shear 
forces the equilibrium contact angle     splits into the advancing contact angles    and the 
receding contact angle   . Under shear conditions we have        and        and the 
meniscus has a velocity   . Figure adapted from [34]. 
 
                     
Figure 2.6: As the meniscus is mechanically dragged across the substrate with a velocity   , 
meniscus profile becomes a wedge-shaped caterpillar vehicle. Based on the pinned contact 
mode [33], there is an internal flow of the liquid and suspended particles (SWNTs) towards the 
receding contact angle line (RCAL). At the RCAL the SWNTs get pinned due to the surface 
roughness and van der Waals forces and get aligned by the mechanical torque. Figure adapted 
from [34]. 
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Figure 2.7: As the meniscus advances with a velocity    , the contact line moves from       
 ‘  
in time dt. The SWNTs that are pinned at the receding contact angle line get aligned by the 
mechanical torque   along the direction of the meniscus drag. For perfect alignment, the final 
angle of alignment    will be parallel to the drag direction. Figure courtesy of Joshua D. Wood 
[34]. 
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CHAPTER 3: TECHNIQUES FOR ALIGNMENT OF SINGLE-WALLED 
CARBON NANOTUBES (SWNTs) BY MECHANICAL MENISCUS 
ACTION 
 
3.1 Experimental Techniques for Alignment of SWNTs  
 
Two techniques for the wafer-scale alignment of single-walled carbon nanotubes 
(SWNTs) have been developed. The first technique, called capillary tube meniscus alignment 
(CTMA), aligns the SWNTs using mechanical meniscus action by forming a meniscus between a 
glass capillary tube (hydrophilic surface) and a substrate as shown in Figure 3.1. In the second 
technique, called angled substrate meniscus alignment (ASMA), a meniscus bridge is formed 
between two planar surfaces which can be of differing hydrophobicity such that the substrate 
surface is held flat and another planar surface is held at an angle    with respect to the 
substrate as shown in Figure 3.2. 
The CTMA technique helps confine the meniscus and keeps it well defined, giving rise to 
better SWNT alignment on the substrate. However the SWNT density deposited on the 
substrate is low for a single pass when compared to the ASMA technique but can be scaled up 
with multiple meniscus passes. Since the meniscus is limited by the diameter of the capillary 
tube, a closely spaced array or a staggered array of capillary tubes will be required for wafer-
scale alignment of SWNTs. A major advantage of this technique is that due to the capillary 
action it can be generalized to both hydrophobic as well as hydrophilic substrates. The ASMA 
technique gives a higher density of SWNT deposited per meniscus pass than the CTMA 
technique. However the SWNT alignment is not as good as the CTMA technique since the 
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meniscus formed is not well confined. This technique can be easily employed for wafer-scale 
alignment of SWNTs by using a planar surface that spans and forms a meniscus over the entire 
diameter of the wafer. However, a disadvantage of this technique is that when surfactant-
coated SWNTs dispersed in an aqueous solvent like deionized (DI) water is used to form a 
meniscus on a hydrophilic substrate, the meniscus falls flat on the substrate surface, giving rise 
to a high degree of misalignment with respect to the drag direction. This issue can be overcome 
by using SWNTs dispersed in a non-volatile, organic solvent. 
3.2 Capillary Tube Meniscus Alignment (CTMA) 
 
 In the capillary tube meniscus alignment (CTMA) technique, a glass capillary tube having 
an inner diameter ranging from 0.8 to 1.0 mm and a length of 10 cm is lowered in an aqueous 
solution of surfactant-encapsulated SWNTs dispersed in deionized (DI) water. Due to capillary 
action the solution rises in the capillary tube. The capillary tube containing the solution is then 
lowered onto the surface of a desired substrate.  It is then slowly raised from the surface of the 
substrate using a micromanipulator to form a well-defined meniscus between the substrate and 
the capillary tube as shown in Figure 3.1. The capillary tube is then held in a fixed position while 
the substrate is moved in a horizontal plane with a velocity   .  This substrate translation 
imparts a velocity    to the meniscus and the SWNTs dispersed in the meniscus flow toward 
the receding contact line due to convective transport [33]. At the receding contact line, as the 
meniscus advances, parts of the SWNTs are exposed to the ambient and get pinned to the 
surface due to the surface roughness and van der Waals forces. The pinning of the SWNTs 
provides a ‘pivot point’ and due to the drag force Fdrag, the SWNTs torque and get aligned along 
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the direction of the meniscus drag. In the CTMA technique, the size of the meniscus is limited 
by the inner diameter of the capillary tube (        mm) and the SWNT density deposited on 
the substrate in a single meniscus pass can be low depending on the SWNT concentration in the 
solution. In order to increase the density of the SWNTs deposited on the surface, the meniscus 
can be passed back and forth over the required surface any desired number of times.  
 The experimental apparatus used in the capillary tube meniscus alignment (CTMA) 
technique is shown in Figure 3.3. The meniscus velocity    is controlled using a syringe pump 
which provides the lateral translation stage. Based on the diameter of the syringe pump and 
the pumping rate, the meniscus velocity    can be determined by using Equation (3.1) 
    (
     
  
)
 
   
 
(3.1) 
 
where    is the meniscus velocity in µm/s,   is the pumping rate in mL/min and   is the 
diameter of the syringe pump in mm. Based on Equation (3.1), the meniscus velocity      
values used for various experiments are shown in Table 3.1. In order to raise or lower the 
capillary tube from the substrate surface, its vertical translation can be controlled using a 
micromanipulator. 
3.3 Angled Substrate Meniscus Alignment (ASMA) 
 
 In the angled substrate meniscus alignment (ASMA) technique, a hydrophobic substrate 
is held horizontally flat and another planar surface of different hydrophobicity is held at an 
acute angle   (generally less than 60 ) relative to the substrate as shown in Figure 3.2. A 
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solution of the SWNTs dispersed in an aqueous solvent (DI water) is micropipetted into the 
junction of the two surfaces to form a meniscus. The substrate is held fixed and the top planar 
surface is moved horizontally across the substrate with a velocity    using the syringe pump. 
This imparts a velocity    to the meniscus, and the SWNTs align along the direction of the 
meniscus drag. However, in this technique the drag force Fdrag is proportional to Fdrag      , 
where   is the angle that the top planar surface makes with the substrate as shown in Figure 
3.2. Using the ASMA technique, a higher density of SWNTs is deposited on the substrate in a 
single meniscus pass than the CTMA technique due to the higher volume of solution used. The 
density of SWNTs deposited can be further scaled up by passing the meniscus back and forth 
several times over the desired surface. However, this technique produces a greater degree of 
misalignment than the CTMA technique since the capillary force between the two surfaces is 
smaller per unit volume and the meniscus is not well confined. Due to the smaller capillary 
forces between the two planar surfaces, it is not advisable to use this technique when an 
aqueous solvent is used to form a meniscus on hydrophilic substrates as the meniscus falls flat 
on the hydrophilic surface giving rise to misaligned SWNTs with respect to the meniscus drag 
direction. This drawback of the ASMA technique can be circumvented by using a non-volatile, 
organic solvent containing dispersed SWNTs. 
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3.4 Figures 
 
 
Figure 3.1: Capillary Tube Meniscus Alignment (CTMA) technique - An aqueous solution 
containing dispersed surfactant coated SWNTs is taken in a glass capillary tube. The capillary 
tube is gently lowered on to the substrate and then slowly raised using a micromanipulator 
resulting in the formation of a meniscus bridge between the substrate and the capillary tube. 
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Figure 3.2: Angled Substrate Meniscus Alignment (ASMA) technique - A planar surface is held at 
an angle   (generally less than    ) with respect to the substrate. An aqueous solution 
containing the dispersed surfactant coated SWNTs tubes is micropipetted at the junction 
between the two surfaces to form a meniscus bridge. 
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Figure 3.3: Experimental apparatus used for the alignment of SWNTs – A glass capillary tube 
containing the SWNT solution can be lowered or raised from the sample substrate surface using 
a micromanipulator to form a meniscus bridge between the capillary tube and substrate. The 
syringe pump allows for the horizontal translation of the substrate. The meniscus velocity      
can be set based on the diameter and pumping rate of the syringe pump as shown in Table 3.1. 
Picture courtesy of Joshua D. Wood [34]. 
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3.5 Table 
 
Table 3.1: The meniscus velocity      used for the SWNT alignment experiments (calculated 
using Equation (3.1)) based on the diameter (D) and the pumping rate (R) of the syringe pump. 
 
 
Rate 
(mL/min) 
Diameter (mm) 
15 20 25 29 30 40 
Meniscus 
Velocity 
(µm/s) 
Meniscus 
Velocity 
(µm/s) 
Meniscus 
Velocity 
(µm/s) 
Meniscus 
Velocity 
(µm/s) 
Meniscus 
Velocity 
(µm/s) 
Meniscus 
Velocity 
(µm/s) 
1 94.31 53.05 33.95 25.23 23.58 13.26 
2 188.63 106.10 67.91 50.47 47.16 26.53 
3 282.94 159.15 101.86 75.70 70.74 39.79 
4 377.26 212.21 135.81 100.93 94.31 53.05 
5 471.57 265.26 169.77 126.16 117.89 66.31 
6 565.88 318.31 203.72 151.40 141.47 79.58 
7 660.20 371.36 237.67 176.63 165.05 92.84 
8 754.51 424.41 271.62 201.86 188.63 106.10 
9 848.83 477.46 305.58 227.09 212.21 119.37 
10 943.14 530.52 339.53 252.33 235.79 132.63 
11 1037.45 583.57 373.48 277.56 259.36 145.89 
12 1131.77 636.62 407.44 302.79 282.94 159.15 
13 1226.08 689.67 441.39 328.02 306.52 172.42 
14 1320.40 742.72 475.34 353.26 330.10 185.68 
15 1414.71 795.77 509.30 378.49 353.68 198.94 
16 1509.02 848.83 543.25 403.72 377.26 212.21 
17 1603.34 901.88 577.20 428.96 400.83 225.47 
18 1697.65 954.93 611.15 454.19 424.41 238.73 
19 1791.97 1007.98 645.11 479.42 447.99 252.00 
20 1886.28 1061.03 679.06 504.65 471.57 265.26 
21 1980.59 1114.08 713.01 529.89 495.15 278.52 
22 2074.91 1167.14 746.97 555.12 518.73 291.78 
23 2169.22 1220.19 780.92 580.35 542.31 305.05 
24 2263.54 1273.24 814.87 605.58 565.88 318.31 
25 2357.85 1326.29 848.83 630.82 589.46 331.57 
 
 
 
27 
 
CHAPTER 4: CHARACTERIZATION OF SINGLE-WALLED CARBON 
NANOTUBE (SWNT) ALIGNMENT 
 
4.1 Materials Used 
 
 Three different types of SWNT solutions have been studied. The initial SWNT 
solution consisted of SWNTs grown by high-pressure carbon monoxide (HiPco) synthesis 
techniques and then dispersed in a non-polar solvent (dichloroethane). The solution was 
ultrasonicated for 15 min to untangle the bundled SWNTs, and meniscus alignment was 
performed immediately thereafter. However, the SWNTs in the meniscus tend to re-bundle 
quickly due to electrostatic interactions resulting in bundled SWNTs being deposited on the 
substrate. In additional to the bundling of SWNTs, residual contaminants left over from the 
HiPco process were also noticed on the substrate. 
In order to prevent the bundling of SWNTs by electrostatic interactions, surfactant 
coated SWNTs were then used as the surfactant encapsulates the SWNTs and screens the 
SWNT-SWNT electrostatic interactions giving a well-dispersed SWNT solution. PureTubes™ (PT) 
and IsoNanotubes-S™ (IST) solutions were purchased from the company NanoIntegris. These 
solutions contain arc-discharge synthesized nanotubes coated with ionic surfactants and 
dispersed in deionized water. PureTubes™ solutions contain high purity SWNTs having a 
diameter range of         nm that are dispersed in an aqueous solvent (deionized water) and 
coated with ionic surfactants that are a combination of sodium dodecyl sulfate (SDS) and 
sodium cholate (SC). The solution contains one-third metallic SWNTs and two-thirds 
semiconducting SWNTs with an overall nanotube concentration of 0.25 mg/mL.     
28 
 
IsoNanotubes-S™ solutions contain high-purity, ionic surfactant coated SWNTs having a 
diameter range of         nm. The SWNTs are of differing chiral purities giving a solution that 
has 90% semiconducting SWNTs and 10% metallic SWNTs. The surfactants encapsulating the 
nanotubes are thicker than the surfactants used in the PureTubes™ solutions and the overall 
nanotube concentration is the IST solution is 0.01 mg/mL. 
In order to study the relation between the concentration of SWNTs in the solution and 
the density of aligned nanotubes deposited on the substrate, different concentrations of PT and 
IST were used. In addition to 100% solution of PT, solutions having a concentration of 1:1, 2:1, 
4:1, and 8:1 ratios of deionized water to PT were used to conduct experiments. Experiments 
were also conducted using 100% solution of IST and 2:1 ratio of deionized water to IST. 
However, since the concentration of nanotubes in the IST solution is significantly lower than the 
concentration of nanotubes in the PT solution, we have a very low density of nanotubes being 
deposited on the substrate. The IST solution contains 90% semiconducting SWNTs as compared 
to the 66% semiconducting SWNTs in the PT solution, and thus it would be  preferred to use the 
IST solution to form aligned arrays of SWNTs for fabricating thin-film semiconducting SWNT 
devices. Attempts were made to increase the concentration of the nanotubes in the IST 
solution by using freeze-drying techniques as well as by reducing the solvent content through 
evaporation. However, since the IST solution contains a larger concentration of surfactants 
used to disperse the SWNTs than the PT solution, we noticed that monolayers of the surfactant 
were being formed on the substrate surface preventing the SWNTs from being deposited on 
the substrate. In spite of multiple meniscus passes, the low density of SWNTs deposited on the 
substrate was not feasible for the fabrication of thin-film SWNT devices with acceptable yields. 
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4.2 Characterization of SWNTs Aligned by Mechanical Meniscus Action 
 
In order to study the relation between SWNT alignment and the nature of the substrate 
used, a variety of hydrophobic and hydrophilic substrates were used. The hydrophobic 
substrates used were H-passivated Si(111), H-passivated Si(100) and positive-tone photoresist 
(PR). The hydrophilic substrates are Si(111) and Si(100) with native oxide, Si(100) with  300 nm 
of dry thermally grown SiO2, Si(100) with 90 nm of dry chlorinated oxide, Si3N4, Al2O3.  
The samples used in the experiments were degreased by sonicating them for 5 min in 
acetone, followed by a 5 min sonication in isopropyl alcohol (IPA). The samples were then dried 
using N2. In order to passivate the Si(111) and Si(100) samples, after degreasing they were 
dipped in a solution of 10:1 deionized water to hydrofluoric acid (HF). The hydrofluoric acid 
etches away the native silicon dioxide and then the hydrogen atoms passivate the dangling 
bonds on the Si surface and render the surface hydrophobic. 
When the capillary tube meniscus alignment (CTMA) technique was used to align the 
SWNTs on these substrates, it was noticed that due to shift in contact angle induced by capillary 
forces, a well-defined meniscus is formed on both hydrophilic and hydrophobic surfaces. Thus 
the CTMA technique can be generalized to both hydrophilic and hydrophobic substrates that 
are solid and have a flat surface. However when the angled substrate meniscus alignment 
(ASMA) technique was used to align SWNTs on hydrophilic substrates, the meniscus fell flat on 
the substrate surface, giving rise to a high degree of misalignment in the direction of the 
meniscus drag. Due to the smaller capillary forces per unit area between the two planar 
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surfaces, it is not advisable to use the ASMA technique when an aqueous solvent is used to 
form a meniscus on hydrophilic substrates.  
In order to study the effect of meniscus velocity on the alignment and density of SWNTs 
deposited, PT solution was used to align the SWNTs using CTMA technique on Si(100) with 
 300 nm of silicon dioxide. Gold pads were patterned on the substrate in order to help with 
locating the SWNTs on the substrate and help indicate the direction of alignment with respect 
to the meniscus drag direction. The PT solution containing dispersed SWNTs was used to form a 
meniscus between the substrate and the capillary tube, and using the syringe pump the 
meniscus was dragged once across the channel between the gold pads. The meniscus velocity 
     was varied from 200       to 600   /s in 100   /s intervals. The atomic force 
microscope (AFM) images of the SWNTs deposited on the substrate at these meniscus 
velocities are shown in Figure 4.1. To obtain a control sample, the PT solution was drop casted 
on the substrate and allowed to evaporate overnight at room temperature and ambient 
conditions to get a random network of SWNTs.  
For a sample size of 200 SWNTs per set, the statistics for the alignment angle of the 
nanotubes for different meniscus velocities are shown in Figure 4.2. The standard deviation of 
the alignment angle and the density of SWNT deposited per         area for a single 
meniscus pass at different meniscus velocities are shown in Table 4.1. We see that the 
alignment is better and the density of SWNTs deposited is greater at lower meniscus velocities. 
Similar experiments were also performed at velocities below 100   /s and it was determined 
that although more SWNTs are deposited on the substrate per meniscus pass, the torque 
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required to align the nanotubes is too low to notice any significant alignment trend. On the 
other hand, at meniscus velocities of 700   /s and above, we see a lower density of SWNTs 
deposited on the substrate. This is mainly because the solid-liquid-vapor phase line of the 
meniscus recedes quickly and does not provide sufficient time for the SWNTs to get pinned to 
the surface and then align in the direction of the meniscus drag. 
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4.3 Figures 
 
Figure 4.1: AFM images of SWNTs deposited on Si(100) with 300 nm of SiO2 at meniscus 
velocities      of (a) 200   /s, (b) 300   /s, (c) 400   /s, (d) 500   /s, (e) 600   /s. The 
meniscus is dragged vertically across the substrate as indicated by the red arrow. 
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Figure 4.2: Statistical analysis of the alignment of SWNTs at various meniscus velocities      (a) 
         /s, (b)          /s, (c)          /s, (d)          /s, (e)        
  /s, (f) Random SWNT network obtained by drop casting SWNT solution. Each set has a 
sample size of 200 SWNTs and the angle    indicates the direction of the meniscus drag. 
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4.4 Table 
 
Table 4.1: Standard deviation of SWNT alignment angle versus meniscus velocity. We see that a 
higher density of SWNTs is deposited on the substrate and better SWNT alignment is obtained 
at lower meniscus velocities. 
 
Sample Description 
Standard 
Deviation of 
SWNT Alignment 
Angle ( ) 
Average Number 
of SWNTs 
Deposited Per 
Meniscus Pass in a 
        Area 
 
Meniscus velocity          /s 
32.04 256 
 
Meniscus velocity          /s 
34.35 184 
 
Meniscus velocity          /s 
36.99 136 
 
Meniscus velocity          /s 
38.23 112 
 
Meniscus velocity          /s 
43.81 93 
 
Random SWNT Network 
48.4 - 
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CHAPTER 5: REMOVAL OF SURFACTANTS FROM SINGLE-
WALLED CARBON NANOTUBE (SWNT) NETWORKS 
 
5.1 Single-Walled Carbon Nanotube (SWNT) Dispersions 
 
Due to their hydrophobicity, it is difficult to achieve a homogenous dispersion of SWNTs 
is most common solvents, especially in aqueous media.  Different methods have been used to 
disperse SWNTs in various polar organic solvents such as N,N -dimethylformamide,  N-
methylpyrrolidinone, o-dichlorobenzene, etc. [35 – 37], as well as non-polar organic solvents 
like dichloromethane (DCM)  and dicholroethane (DCE) [38]. However these solutions do not 
remain thermodynamically stable and homogenous for an extended period of time. Due to 
electrostatic interactions and highly attractive van der Waals forces [39], the SWNT in these 
solutions interact with each other and form bundles. Techniques such as ultrasonication can be 
used to exfoliate these SWNT bundles and obtain a well-dispersed, homogenous SWNT 
solution, but this homogeneity is transient. 
Dispersion of SWNTs in media such as water and organic solvents has also been 
achieved using covalent sidewall functionalization. Techniques such as esterification or 
amidation of oxidized SWNT such that functional moieties can covalently bond to the surface 
carbon atoms [36] have been employed. Such functionalization of SWNTs through chemical 
methods can enhance their dispersibility in various solvents including water. However, covalent 
sidewall functionalization can often induce substantial and/or irreversible changes to the SWNT 
properties. Hence functionalization of SWNTs through non-covalent interactions is more 
desirable as they are less likely to perturb the inherent properties of SWNTs and/or disturb the 
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electronic behavior of the SWNT networks. In order to realize a well-dispersed, homogenous 
solution of SWNTs through non-covalent functionalization, various dispersing agents such as 
monomers, polymers, surfactants, biopolymers and biomolecules, etc., have been used [21].  
The chemical moieties of these dispersing agents adhere to the SWNTs through various non-
covalent supramolecular interactions, such as hydrophobic–hydrophobic interactions, van der 
Waals forces, π – π interactions, hydrogen bond linkage, and electrostatic attraction [21]. 
A well-dispersed, homogeneous solution of SWNTs can be achieved by using amphiphilic 
molecules such as surfactants. These surfactants can be anionic, cationic or neutral surfactants. 
The surfactants disperse the SWNTs in aqueous solutions through hydrophobic-hydrophilic 
interactions.  The hydrophobic parts of the surfactant molecule adsorb on the hydrophobic 
surface of the SWNT while the hydrophilic parts of the surfactant molecule interact with the 
solvent molecules leading to a well-dispersed SWNT solution. Some of the common surfactants 
used are sodium dodecylsulphate (SDS), sodium dodecylbenzenesulfonate (SDBS), sodium 
pyrenebutyrate (SPB), sodium cholate (SS) [21, 40].  
By using sodium dodecylsulphate (SDS) as a surfactant and by implementing 
ultracentrifugation procedures [41], a well-dispersed aqueous solution of SWNTs can be 
obtained. The molecular formula of SDS is given as CH3(CH2)11-OSO3Na.  In the SDS molecule, 
the hydrophobic group, –CH3, physically adsorbs on the surface of the SWNT, while the 
hydrophilic head, –SO4, interacts with water molecules leading to dissolution of the SWNTs in 
the aqueous solvent.  When such surfactant coated SWNT solutions are used for fabricating 
devices that are used in electronic or biological applications, it is essential to get rid of the 
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surfactant once the SWNTs are deposited on the substrate as the surfactants can affect the 
performance of the devices. 
For our surfactant removal studies we have used PureTubes™ (PT) solutions obtained 
from Nanointegris. The PureTubes™ (PT) solution contains arc discharge synthesized SWNT 
which are encapsulated in an ionic surfactant (SDS) and dispersed in deionized water. The high-
purity dispersed SWNTs have a diameter ranging from          nm. The thickness of the 
surfactant encapsulating the SWNT varies from nanotube to nanotube as well as along the 
length of the nanotube as shown in Figure 5.1.  Si (100) samples with 300 nm of dry thermally 
grown SiO2 were degreased by sonicating them for 5 min in acetone followed by a 5 min 
sonication in isopropanol (IPA). The samples were then dried using N2 and the CTMA techniques 
was used to deposit the SWNTs. The samples containing the deposited surfactant coated 
SWNTs were then subjected to various surfactant removal treatments which are summarized in 
Table 5.1. The surfactant removal techniques include rinsing the samples in organic solvents 
like ethanol, thermally annealing the samples at various temperatures in  H/Ar environment 
and rapid thermal anneal (RTA) of the samples in vacuum or O2.  High resolution X-ray 
photoelectron spectroscopy (XPS) studies were then conducted to determine the elemental 
composition of the samples. 
For the control sample (sample 1), the XPS studies indicate a prominent carbon 1s (C 1s) 
and sodium 1s (Na 1s) peak at binding energies of 282.5 eV and 1069.1 eV, respectively, as 
shown in Figures 5.2 and  Figure 5.3. For the sample which was rinsed for 60 seconds in ethanol 
(sample 2), it was noticed that the Na 1s peak was absent. However the ethanol rinse 
significantly reduced the density of deposited SWNTs and hence annealing techniques to 
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remove the surfactant without reducing the deposited SWNT density were investigated. For the 
samples annealed for 5 min in H/Ar at temperatures ranging from      to      (samples 3 
to 7), the presence of Na was observed in the XPS data. However when the sample was 
annealed at      (sample 8), which is above the boiling point of Na (      ), the XPS data 
indicates the absence of Na 1s peak with minor SWNT sidewall degradation. Rapid thermal 
anneal (RTA) techniques were also used to anneal the samples for 60 seconds in O2 at      
(sample 10) and in vacuum at      (sample 11) and in both these cases no prominent Na 1 s 
peak was observed in the XPS data. In order to better understand if the surfactants are being 
completely stripped off the SWNTs, further XPS studies analyzing the presence of sulphur and 
oxygen in addition to carbon and sodium for surfactant-encapsulated SWNTs deposited on H-
passivated silicon are currently being investigated. 
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5.2 Figures 
 
 
Figure 5.1: AFM images of surfactant-encapsulated SWNTs deposited on Si(100) with 300 nm of 
SiO2. (a) Height profile of SWNT network. (b) Amplitude profile of SWNT network. (c) Height 
profile plot of the surfactant along the SWNTs. The colored dotted lines in part (a) indicate the 
SWNTs along which the surfactant height profile is taken. We see that the thickness of the 
surfactant encapsulating the SWNTs varies along the length on the SWNT as well as from 
nanotube to nanotube.     
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Figure 5.2: C 1s XPS data for (a) Control sample, (b) Ethanol sample: rinsed in ethanol for 60 
seconds, (c) RTA-1 sample: rapid thermal annealed in O2 for 60 seconds at     , (d) RTA-2 
sample: rapid thermal annealed in vacuum for 60 seconds at     . Minor SWNT sidewall 
degradation was observed for cases (c) and (d). 
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Figure 5.3: Na 1s XPS data for (a) Control sample, (b) Ethanol sample: rinsed in ethanol for 60 
seconds, (c) RTA-1 sample: rapid thermal annealed in O2 for 60 seconds at     , (d) RTA-2 
sample: rapid thermal annealed in vacuum for 60 seconds at     . The absence of the Na 1s 
peak was observed for cases (b), (c), and (d). 
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5.3 Table 
Table 5.1: Summary of the surfactant removal techniques and results of the XPS study. 
Sample Name Surfactant Removal Treatments Results of XPS Study  
1. Sample 1 
    (Control)     
SWNTs deposited using CTMA      
     technique at              
C 1s peak position at 282.5 eV 
Na 1s peak position at 1069.1 eV 
2. Sample 2 
    (Ethanol)    
SWNTs deposited using CTMA  
     technique at              
Rinsed in ethanol for 60 s 
C 1s peak position at 281.5 eV 
Na 1s peak is absent 
3. Sample 3 
    (TA 1) 
SWNTs deposited using CTMA      
     technique at              
Thermally annealed for 5 min in  
     H/Ar environment at      
C 1s peak position at 282.3 eV 
Na 1s peak position at 1068.9 eV 
4. Sample 4 
    (TA 2) 
SWNTs deposited using CTMA      
     technique at              
Thermally annealed for 5 min in  
     H/Ar environment at      
C 1s peak position at 281.7 eV 
Na 1s peak position at 1068.4 eV 
5. Sample 5  
    (TA 3) 
SWNTs deposited using CTMA      
     technique at              
Thermally annealed for 5 min in  
     H/Ar environment at      
C 1s peak position at 282.3 eV 
Na 1s peak position at 1068.5 eV 
6. Sample 6  
    (TA 4) 
SWNTs deposited using CTMA      
     technique at              
Thermally annealed for 5 min in 
     H/Ar environment at      
C 1s peak position at 281.5 eV 
Na 1s peak position at 1068.6 eV 
7. Sample 7  
    (TA 5) 
SWNTs deposited using CTMA      
     technique at              
Thermally annealed for 5 min in 
     H/Ar environment at      
C 1s peak position at 281.1 eV 
Na 1s peak position at 1068.4 eV 
8. Sample 8  
    (TA 6) 
SWNTs deposited using CTMA      
     technique at              
Thermally annealed for 5 min in  
     H/Ar environment at      
C 1s peak position at 281.4 eV 
Na 1s peak is absent 
9. Sample 9 
    (Ethanol-TA) 
SWNTs deposited using CTMA      
     technique at              
Rinsed in ethanol for 60 s 
Thermally annealed for 5 min in  
     H/Ar environment at      
C 1s peak position at 281.2 eV 
Na 1s peak is absent 
10. Sample 10 
      (RTA 1) 
SWNTs deposited using CTMA      
     technique at               
Rapid Thermal annealed for 60 s 
     in O2 environment at      
C 1s peak position at 280.5 eV 
Na 1s peak is absent 
11. Sample 11 
      (RTA 2) 
SWNTs deposited using CTMA      
     technique at              
Rapid thermal annealed for 60 s 
     in vacuum at      
C 1s peak position at 280.6 eV 
Na 1s peak is absent 
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CHAPTER 6: FABRICATION OF THIN-FILM SINGLE-WALLED 
CARBON NANOTUBE (SWNT) FIELD-EFFECT TRANSISTORS 
 
6.1 Fabrication Process and Testing of SWNT Devices 
 
Due to their remarkable electrical, mechanical and thermal properties, SWNTs have 
potential applications in electronic circuits elements such as transistors, interconnects and 
thermal heat sinks. SWNTs are a promising candidate for future nanoelectronic devices because 
of their high mobilities (        cm2/Vs at room temperature) [1], high current-carrying 
capacity (   9 A/cm2) [4], and high thermal conductivities (up to 3500 W/mK) [8]. 
Semiconducting SWNTs thin-films can be used in the active channel of transistor devices for 
fabricating integrated circuits, whereas metallic SWNTs can be used as thin-film conductors for 
electrical interconnects or transparent conductors for display or touch screen devices. Most of 
the SWNT devices fabricated for research purposes have a back-gated geometry with the 
SWNTs being exposed to the ambient.  SWNTs can have extremely anisotropic electrical, optical 
and mechanical properties which can be attributed to their one-dimensionality. Aligned SWNT 
arrays with precise control over their position and orientation are highly beneficial as alignment 
can enhance various properties of SWNTs along the alignment direction. For example, thin-film 
transistors (TFTs) based on random SWNT networks have a best mobility of     cm2/Vs [26], 
whereas TFTs based on aligned SWNT arrays can have mobilities as high as       cm2/Vs [27]. 
Our thin-film SWNT devices were fabricated on a highly doped (p++) silicon substrate 
with 300 nm of thermally grown dry oxide. The highly doped silicon substrate serves as a back 
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gate for fabricating thin-film SWNT field-effect transistors with the SWNTs being exposed to the 
ambient from above. 
Step 1: Sample preparation 
The substrate was degreased by sonicating it for 5 min in acetone followed by a 5 min 
sonication in isopropanol (IPA).  It was then then dried using N2. The substrate can then be pre-
annealed in H/Ar environment at 400°C to improve the oxide quality. 
Step 2: Deposition of aligned SWNT arrays using CTMA technique 
The CTMA technique was used to deposit aligned arrays of nanotubes on the substrate. 
A glass capillary tube was dipped in the PureTubes™ solution. The solution rises in the capillary 
tube due to capillary action. The capillary tube was then carefully lowered on to the substrate 
while making sure that it did not scratch the thin layer of oxide on the substrate surface. Using 
a micromanipulator, the capillary tube was gently raised to form a well-defined meniscus 
between the capillary tube and the substrate. A syringe pump was then used to impart a 
velocity     to the meniscus. The meniscus was dragged across the substrate at an optimum 
velocity of             to deposit aligned arrays of SWNTs. Selective deposition of SWNTs 
on the substrate was achieved by passing the meniscus only over the regions where aligned 
SWNT arrays are desired. Since the surfactant in the PureTubes™ solution is ionic, care should 
be taken that the solution does not wrap around the edges of the sample as it will result in an 
unwanted conducting pathway between the SWNT network and the p++ substrate. This can be 
achieved either by taping the edges of the sample with a non-conducting adhesive or  carefully 
making sure that the meniscus does not cross over the edge of the sample. The number of 
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meniscus passes can be scaled up in order to obtain a greater density of deposited nanotubes. 
The samples were then rapid thermal annealed (RTA) in vacuum for 60 seconds. 
Step 3: Source and drain electrode patterning and deposition 
  A bi-layer resist recipe was used to lithographically define the source and drain 
electrodes. Polymethylglutarimide (PMGI) was spun on to the sample at 3500 RPM for 30 
seconds. This was followed by spinning on positive-tone Shipley 1813 photoresist at 5000 RPM 
for 60 seconds. The photoresist was then exposed to UV light (365 nm wavelength) from a 
contact aligner (Karl Suss) to optically transfer the source and drain mask pattern on to the 
resist. The samples were exposed for 5 seconds at 12 mW/cm2 to give a total exposure dose of 
60 mJ/cm2. The photoresist is then developed in MF-319 developer for 35-40 seconds. Once the 
source and drain contact pad pattern has been lithographically defined in the resist, the metal 
contacts are then evaporated using an e-beam evaporator at a base pressure of around 
       Torr. A very thin layer of titanium (Ti) having a thickness of 0.5 nm is evaporated as an 
adhesion layer followed by the evaporation of 50 nm of palladium (Pd) to form the source and 
drain electrodes. Liftoff was then performed by placing the samples in Remover PG at 75  for 
30 minutes. The samples were then carefully dried using N2. 
Step 4: Defining the SWNT channels  
Once the source and drain electrodes have been defined, the same bi-layer resist recipe 
consisting of PMGI and Shipley 1813 was used to lithographically pattern the SWNT channels. 
Oxygen reactive ion etching (RIE) at 20 sccm, 100 W, 100 mTorr was then performed for 45-60 
seconds to oxidize the unwanted SWNT deposited on the substrate. The photoresist (PR) 
covering the SWNT channels protects the underlying SWNT from being oxidized. Remover PG 
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was then used to lift off the PR over the SWNT channels. A schematic representation of the 
fabrication process is shown in Figure 6.1. 
Step 5: Testing of SWNT devices 
 Electrical measurements were performed using the Keithley 4200 semiconductor 
characterization system at ambient conditions and temperatures. Since the SWNTs are exposed 
to the ambient, they are oxygen-doped and p-type [42]. The drain-to-source current (ID) and 
drain-to-source voltage (VDS) transfer characteristics were obtained by incrementing the gate-
to-source voltage (VGS) from 0 to -20 V in -5 V increments, while varying the drain-to-source 
voltage (VDS) from 0 to -10 V for each incremental step. The drain-to-source current (ID) and 
gate-to-source voltage (VGS) transfer characteristics were obtained by keeping the drain-to-
source voltage (VGS) constant at 1 V, while performing a linear sweep of VGS between  15 V. 
Anti-clockwise hysteresis in the drain-to source current (ID) and gate-to-source voltage (VGS) 
transfer characteristics was observed, which can be attributed to charge trapping by 
surrounding water molecules and charge injection into the substrate [43,44]. The variation 
noticed in the hysteretic behavior can be typically attributed to the ambient conditions, voltage 
sweep rate and voltage sweep direction [45]. The ID vs. VDS and ID vs. VGS transfer characteristics 
for SWNT devices having channel dimensions of 5  m width, 10  m length and 10  m width, 5 
 m length are shown in Figure 6.2 and Figure 6.3 respectively.  
 The SWNTs used in this study to fabricated thin-film field-effect transistors are arc 
discharge synthesized SWNTs consisting of approximately two-thirds semiconducting SWNTs 
and one-third metallic SWNTs. The presence of metallic SWNTs in the active channel region can 
be detrimental for the optimal performance of these transistors as they result in metallic 
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percolative pathways in the SWNT channel network, thus lowering the device ION/IOFF ratios and 
affecting electronic switching of the transistors. Since our devices contain a high density of 
SWNTs in the device channel region, a majority of the devices we tested had metallic 
percolative pathways resulting in poor ION/IOFF ratios. Hence techniques to improve the ION/IOFF 
ratios of the SWNTs devices were investigated. For devices fabricated using random networks 
of SWNTs, geometric striping techniques can reduce the metallic pathways and enhance the 
device ION/IOFF ratios [46]. In order to avoid the additional processing steps involved in 
geometric striping, current-induced defect formation and oxidation induced by electrical stress 
have also been used to selectively eliminate the metallic pathways and improve the ION/IOFF 
ratios in low-density SWNTs thin films [45,47].  
 In our study an electrical stress test technique was applied to improve the ION/IOFF ratios 
for the devices that had metallic percolative pathways in the active channel region. The 
electrical stress test was performed by applying a linear drain-to-source (VDS) voltage sweep 
from 0 to -30 V while keeping the gate-to-source voltage (VGS) constant at +10V. The application 
of a large positive gate-to-source voltage (VGS) ensures that the semiconducting SWNTs in the 
active channel, which are oxygen-doped and p-type, do not conduct current during the 
electrical stress test. Meanwhile the metallic SWNTs in the active channel heat up during the 
electrical stress test due to the large currents flowing through them and thus undergo an 
electrical breakdown. This process helps eliminate the metallic percolative pathways in the 
active channel region, but for the case of high-density SWNTs films as observed in our devices, 
the heating up and oxidative breakdown of the metallic SWNTs can also affect the neighboring 
SNWTs which are in contact with them. For a SWNT device having channel dimensions of 5  m 
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width and 10  m length, the transfer characteristics before and after the electrical stress test 
are shown in Figure 6.4. A reduction of around 40% was observed in the device on-current (ION); 
however, no significant improvement was observed in the device ION/IOFF ratio. This can mainly 
be attributed to the fact that the electrical stress test technique is more effective in reducing 
the metallic percolative pathways in low-density SWNT films and is not very efficient in 
improving the device ION/IOFF ratios for high-density SWNT films. With improvements being 
made in techniques to obtain chirally-pure, surfactant-free, semiconducting SWNT solutions, 
we believe that a significant improvement in the device ION/IOFF ratios can be obtained by using 
such pure semiconducting SWNT solutions for fabricating thin-film SWNT field-effect 
transistors. 
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6.2 Figures 
 
 
 
Figure 6.1: Schematic representation of fabrication of thin-film SWNT field-effect transistors: 
(a) Doped silicon substrate with 300 nm of dry thermal oxide is degreased in acetone and 
isopropanol and annealed in H/Ar at 400°C. (b) Aligned SWNT arrays are deposited on the 
substrate using the CTMA technique. (c) Source and drain electrodes consisting of 0.5 nm Ti and 
50 nm Pd are evaporated on to the SWNT arrays. (d) Oxygen reactive ion etching (RIE) is used to 
define the SWNT channels. L represents the length and W represents the width of the SWNT 
channel spanning the source and drain electrodes. 
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Figure 6.2: Transfer characteristics for a SWNT device having channel dimensions of 5  m width 
and 10  m length: (a) drain-to-source current (ID)  vs. drain-to-source voltage (VDS) transfer 
curves, (b) drain-to-source current (ID) vs. gate-to-source voltage (VGS) transfer curves. 
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Figure 6.3: Transfer characteristics for a SWNT device having channel dimensions of 5  m width 
and 10  m length: (a) drain-to-source current (ID)  vs. drain-to-source voltage (VDS) transfer 
curves, (b) drain-to-source current (ID) vs. gate-to-source voltage (VGS) transfer curves. 
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Figure 6.4: Transfer characteristics for a SWNT device having metallic percolative pathways in 
the active channel region with channel dimensions of 5  m width and 10  m length, before and 
after electrical stress test: (a) drain-to-source current (ID)  vs. drain-to-source voltage (VDS) 
transfer curves, (b) drain-to-source current (ID) vs. gate-to-source voltage (VGS) transfer curves. 
The electrical stress test was performed by applying a linear drain-to-source voltage sweep 
(VDS) from 0 to -30 V while keeping the gate-to-source voltage (VGS) constant at +10V. The 
device on-current (ION) was reduced by around 40% after the electrical stress test with no 
significant improvement to the device ION/IOFF ratio. 
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CHAPTER 7: CONCLUSION 
 
In this thesis we have investigated the post-synthesis alignment of surfactant coated 
SWNTs dispersed in aqueous solutions by mechanically aligning them on various substrates 
using a meniscus formed either between a capillary tube and a substrate or between two 
angled substrates. Two techniques, namely the capillary tube meniscus alignment (CTMA) 
technique and the angled substrate meniscus alignment (ASMA) technique, were used to align 
the SWNTs on various hydrophobic and hydrophilic substrates. The meniscus containing 
surfactant-encapsulated SWNTs dispersed in it was mechanically dragged across the substrate. 
The SWNTs dispersed in the solution convectively flow towards the solid-liquid-vapor interface 
of the meniscus and get pinned to the surface due to surface roughness and van der Waals 
forces. The mechanical torque then aligns these SWNTs along the direction of the meniscus 
drag. The degree of SWNT alignment as well as the optimal meniscus drag velocity (  ) 
required for the best alignment of SWNTs on the substrate have been studied in Chapter 4. 
 The ASMA technique provides a higher density of SWNTs deposited on the substrate 
per meniscus pass than the CTMA technique. However the ASMA technique produces a greater 
degree of misalignment of SWNTs when compared to the CTMA technique since the capillary 
forces between the two surfaces are smaller per unit volume and the meniscus is not well 
confined. Also, when SWNTs dispersed in an aqueous solution are aligned on a hydrophilic 
substrate, the ASMA technique is not well suited as the meniscus falls flat on the substrate 
giving rise to misaligned SWNTs with respect to the meniscus drag direction. This drawback can 
be circumvented by using non-volatile, organic solvents to disperse the SWNTs. The CTMA 
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technique provides a better degree of SWNT alignment on both hydrophilic and hydrophobic 
surfaces than the ASMA technique and the density of SWNTs deposited on the substrate can be 
scaled up by increasing the number of meniscus passes. By using an array of capillary tubes, the 
CTMA technique can be made wafer-scalable to obtain massively parallel, high density, aligned 
SWNTs arrays on various substrate.   
To date, SWNT synthesis techniques have not yet demonstrated the growth of 
homogenous populations of SWNTs having uniform electrical, optical and structural properties. 
However post-synthesis sorting techniques can be used to obtain SWNT populations of a 
specific chirality and having uniform properties. Direct growth based SWNT alignment 
techniques such as aligned arrays of SWNTs grown on quartz substrates have been 
demonstrated by researchers [48]. However these direct growth based alignment techniques 
have limited control over the chirality of SWNTs grown and they also require high processing 
temperatures (     ) and transfer printing techniques to transfer the aligned SWNT arrays 
onto suitable substrates for the fabrication SWNT devices. Hence post-growth SWNT alignment 
methods such as the techniques we have demonstrated in this study are highly desirable. By 
using the mechanical meniscus based alignment technique we have developed, chirally-pure, 
high density, aligned arrays of SWNT on various substrates can be obtained. These techniques 
are wafer-scalable, carried out at room temperature and are compatible with current 
complementary metal-oxide-semiconductor (CMOS) fabrication processes. The aligned SWNT 
arrays obtained using these techniques can be used as semiconducting or metallic thin-films in 
a wide variety of nanoelectronic and optoelectronic devices. In our study we have used SWNTs 
encapsulated in a surfactant (SDS) to disperse them in aqueous solutions without forming 
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SWNT bundles. However, these surfactants can affect the optimal performance of SWNT 
devices. In Chapter 5 we have demonstrated techniques to get rid of the surfactants 
encapsulating the SWNTs once they deposited on the substrate by using rapid thermal anneal 
(RTA) treatments as well as rinsing the SWNT networks in organic solvents like ethanol. Finally, 
a CMOS compatible process for fabricating SWNT devices has been demonstrated in Chapter 6. 
In this fabrication process, a highly doped silicon substrate is used as a back gate and aligned 
arrays of SWNTs obtained using the CTMA technique are used as the active channel for a thin-
film SWNT field-effect transistor. 
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